Mycobacterium avium subsp. paratuberculosis (basonym M. paratuberculosis) is the causative agent of paratuberculosis, a chronic enteritis of ruminants. To control the considerable economic effect that paratuberculosis has on the livestock industry, a vaccine that induces protection with minimal side effects is required. We employed transposon mutagenesis and allelic exchange to develop three potential vaccine candidates, which were then tested for virulence with macrophages, mice, and goats. All three models identified the WAg906 mutant as being the most attenuated, but some differences in the levels of attenuation were evident among the models when testing the other strains. In a preliminary mouse vaccine experiment, limited protection was induced by WAg915, as evidenced by a reduced bacterial load in spleens and livers 12 weeks following intraperitoneal challenge with M. paratuberculosis K10. While we found macrophages and murine models to be rapid and cost-effective alternatives for the initial screening of M. paratuberculosis mutants for attenuation, it appears necessary to do the definitive assessment of attenuation with a ruminant model.
Paratuberculosis, or Johne's disease, is caused by Mycobacterium avium subsp. paratuberculosis (basonym M. paratuberculosis). The disease is transmitted via the fecal-oral route and causes chronic granulomatous enteritis in ruminants. Infection normally occurs very early in life, but clinical disease in cattle rarely manifests itself until animals are more than 2 years old, and often much older. In most herds, only a minority of the infected animals ever becomes clinically diseased, but subclinically affected animals can shed organisms and act as a source of infection. The clinical stages in cattle are characterized by diarrhea, weight loss, reduced milk production, and the presence of large numbers of bacteria shed in the feces (33, 52) . Considerable economic losses occur worldwide due to this reduced milk production and to premature disposal of diseased animals (42) . There is also concern that M. paratuberculosis may be a cause of Crohn's disease in humans.
Vaccines for paratuberculosis have been available since 1926, but they induce suboptimal levels of protection and have adverse side effects. Substantial granulomatous lesions often occur at the site of inoculation in animals (37) and in accidental self-injection cases with humans (51) . The vaccines also interfere with current cellular immune assays for bovine tuberculosis (25, 30) , restricting their potential use in many countries. However, an aqueous live attenuated M. paratuberculosis vaccine has been shown to cause less interference with a comparative cervical skin test and blood tests for tuberculosis than do the currently available oil-adjuvanted Johne's disease vaccines (30) .
The advances of mycobacterial molecular biology and genome sequencing in the last 15 years have enabled programs aimed at developing new, improved M. paratuberculosis vaccines. Live attenuated strains of M. paratuberculosis with vaccine potential have been produced by transposon mutagenesis (8) and, more recently, by allelic exchange (34) .
Various animal models of paratuberculosis have been investigated for the study of virulence and vaccine efficacy, but none appears ideal (5, 20) . Mice are cost effective, present some histological and immunological features similar to those of ruminants, and can serve as a preliminary screening model for vaccine candidates (39, 41) , but they do not develop disease typical of that seen with ruminants with paratuberculosis (9, 41) . In comparison, goats are much more costly but provide a direct homologue of the disease in cattle and other ruminants, which is beneficial for pathogenesis and vaccine efficacy studies (21, 32) .
In infected animals, M. paratuberculosis resides and multiplies within macrophages. Its survival depends on the balance between apoptosis and the ability of M. paratuberculosis to multiply and evade the host's immune response. Several studies have reported apoptosis of M. paratuberculosis-infected macrophages (1, 16, 45, 46) , although the mechanisms involved have not been extensively investigated. A major extrinsic mediator of apoptosis is tumor necrosis factor alpha (TNF-␣). The anti-inflammatory cytokine interleukin-10 (IL-10) is responsible for the suppression of various cytokines, including TNF-␣, and thus has downstream effects on apoptosis. Elevated levels of IL-10 have been found in cows with clinical paratuberculosis (23) and with M. paratuberculosis-infected macrophages (45, 47) . IL-10 acts to promote the growth of M. paratuberculosis within macrophages (45) by suppressing the inflammatory immune responses (7) and decreasing phagosome acidification (52) .
In this study, we produced and characterized allelic exchange and transposon mutants of M. paratuberculosis and investigated their survival and the levels of apoptosis and IL-10 production in macrophages infected with the strains. The virulence of three of the vaccine candidates was assessed in mice and goats, and a preliminary investigation was carried out with mice to assess their vaccine potential.
MATERIALS AND METHODS
Bacterial strains. M. paratuberculosis strains used in this study are listed in Table 1 . The wild-type strain K10, whose genome has been sequenced (28) , and the New Zealand cattle strain 989 (11) were used to develop M. paratuberculosis recombinants. Both wild-type and mutant strains of M. paratuberculosis were grown in Middlebrook 7H9 (Difco) broth enriched with 10% oleic acid-albumindextrose-catalase (OADC), 0.5% glycerol, 0.05% Tween 80, and 2 g/ml mycobactin (Allied Monitor). When required, hygromycin B (50 g/ml) or kanamycin (20 g/ml) was added to liquid or solid media.
M. paratuberculosis strains WAg906, which is an auxotroph, and WAg913, which grows on glycerol but not pyruvate as a carbon source, were developed by transposon mutagenesis and screened on appropriate media as described previously by Cavaignac et al. (8) . WAg906 was designated TM58 in that paper, and WAg913 was developed in a fashion identical to that for mutants in that study that grew with glycerol as a carbon source. WAg915, which contains an inactivated ppiA gene, was derived from parent M. paratuberculosis strain K10 by allelic exchange, using methods described by Bardarov et al. (2) . Briefly, a hygromycin resistance gene was inserted into the StyI site of a 1.2-kb fragment of M. paratuberculosis DNA containing the 0.55-kb ppiA gene and flanking regions. This construct was cloned into pYUB572, a plasmid designed for phagemid construction. The pYUB572 construct was inserted into the temperature-sensitive phage pHAE159 and transduced into K10. Hygromycin-resistant colonies were selected at the nonpermissive temperature for the phagemid of 39°C, and the expected allelic exchange mutant was characterized by PCR and Southern blotting.
Animals. BALB/c mice of 4 to 7 weeks of age bred within the institution were used for testing both virulence and vaccine potential. Recently weaned Boer goats were obtained from two properties where there was no evidence of infection with M. paratuberculosis, based on flock history and fecal culturing. The animals were housed and fed ad libitum on hay and sheep nuts. Blood was collected from healthy, rising 1-year-old steers from a research herd with no history of paratuberculosis. The steers had negative fecal culture and negative gamma interferon (IFN-␥) tests to Johnin and avian purified protein derivative (PPD) (AsureQuality, New Zealand). Animal ethics approval for all animal experiments was obtained from a local institutional ethics committee.
Preparation of bovine blood-derived macrophages and infection. Blood was collected from the jugular vein of cattle in heparinized Vacutainer tubes (Becton Dickinson), and peripheral blood mononuclear cells (PBMC) were isolated with Lymphoprep (Axis-Shield) as previously described (38) . Briefly, equal volumes of blood were mixed with phosphate-buffered saline (PBS), and 35 ml blood-PBS was underlaid with 15 ml lymphoprep and centrifuged. PBMC were removed and washed three times. Approximately 5 ϫ 10 5 PBMC were plated into each well of 96-well tissue culture plates in RPMI 1640 (Invitrogen) containing 25 mM HEPES (Invitrogen) supplemented with 2% fetal bovine serum (Invitrogen) and 4 mM L-glutamine (Invitrogen) for 3 h at 37°C in 5% CO 2 . Nonadherent cells were removed, and the adhered cells were washed twice. Monocytes were replenished and cultured with supplemented RPMI 1640 media containing 25 mM HEPES, 10% heat-inactivated fetal bovine serum, and 4 mM L-glutamine. The cells were incubated for 5 days to allow for the differentiation of macrophages.
Differentiated macrophages were infected on day 5 at a multiplicity of infection of 5:1 for 4 h. Exogenous bacteria were removed, and macrophages were washed. This was defined as the day zero time point. Macrophages were maintained in culture for various periods of time prior to the assessment of bacterial survival. Macrophages were lysed with 0.1% Triton-X (Sigma), and bacterial counts were obtained by plating the lysates at appropriate dilutions onto quad plates (Becton Dickinson) containing 7H11 agar (Difco) supplemented with 10% OADC, 0.5% glycerol, 0.05% Tween 80, and 2 g/ml mycobactin.
Apoptosis. Bovine monocyte-derived macrophages were grown and infected in a chamber slide (Nunc) as described above. After 24 h of infection, the supernatant was removed and used for IL-10 enzyme-linked immunosorbent assay (ELISA) studies, and the remaining cells were fixed with 4% paraformaldehyde at room temperature for 20 min. After the slide was washed with PBS, 5 g/ml Hoechst stain (Invitrogen) was added for 10 min. The slide was washed with PBS and examined by a fluorescence microscope (Olympus) with excitation at 350 nm and emission at 461 nm. At least 200 cells were counted in 4 random fields of view of each duplicate well on the slide, and the percentage of fluorescence was calculated. Staurosporine was added at 500 nM to some wells as a positive control, and uninfected cells were also examined for fluorescence.
IL-10 ELISA. Maxisorp 96-flat-well, black plates (Nunc) were coated with anti-bovine IL-10 (Serotec) and incubated overnight at room temperature. Plates were blocked with 1 mg/ml casein in PBS, washed, incubated with 50 l undiluted culture supernatants collected 24 h after infection, and washed again. The detection monoclonal antibody CC320-biotin (Serotec) was added at 1 g/ml, and horseradish peroxidase-conjugated streptavidin was added at a 1:2,500 dilution for 1 h at room temperature. Following the final washing step, tetramethylbenzidine substrate was added, the reaction was stopped by the addition of H 2 SO 4 , and the absorbance values were read on a microtiter plate reader. Macrophages pretreated with 100 U IFN-␥ and 10 g lipopolysaccharide were used as a positive control.
Real-time PCR. After infection of macrophages with a M. paratuberculosis strain for 24 h, total RNA was extracted using Trizol and converted into first-strand cDNA using Transcriptor (Roche). The IL-10 primers used for the real-time PCR were TGCTGGATGACTTTAAGGGTTACC and TCAT TTCCGACAAGGCTTGG, and the primers for the B2 microglobulin housekeeping gene were TTACCTGAACTGCTATGTGTATGG and GCTGTACT GATCCTTGCTGTTG. Real-time reactions were performed in 25-l volumes with SYBR green Supermix (Stratagene), 2 M each primer, and equal amounts of cDNA. The PCR was performed in an MX3000 (Stratagene) real-time machine under the following conditions: 95°C for 10 min, 40 cycles of 95°C for 30 s, and 60°C for 1 min, followed by a dissociation run. Results were analyzed by the threshold cycle (2 Ϫ⌬⌬CT ) method as described previously (29) .
Animal infections.
For animal experiments, the inoculum was prepared by growing the M. paratuberculosis strains to log phase in enriched Middlebrook 7H9 broth and concentrating the cultures based on an optical density at 600 nm (OD 600 ) to approximately 5 ϫ 10 8 /ml for mice and 2 ϫ 10 8 /ml for goats. The virulence of mutants in mice was based on the procedure described by Shin et al. (39) . In summary, recently weaned BALB/c mice aged 4 to 7 weeks were inoculated by intraperitoneal injection with approximately 10 8 CFU in 0.2 ml PBS. Mice were sacrificed 3, 6, and 12 weeks postinoculation, and spleens and livers were collected for bacteriological examination. Spleens, livers, and whole bodies were weighed postmortem. The level of organ colonization by M. paratuberculosis strains was determined by plate counts using 7H11 medium (Difco) supplemented with 10% albumin dextrose complex, 0.5% glycerol, 2 g/ml mycobactin J (Allied Monitor, IN), and an antibiotic cocktail (10 g/ml amphotericin B, 200 units/ml polymyxin B, 50 g/ml ticarcillin, and 10 g/ml trimethoprim). The virulence of mutants in goats was determined by inoculating approximately 2 ϫ 10 9 CFU in 10 ml PBS into the jugular vein. Infection was monitored by fecal culturing carried out every 8 weeks (50) . In one experiment, goats were sacrificed 10 months after infection and 6 intestinal tissues were collected; and in the other two experiments, goats were sacrificed 6 months after infection and 10 intestinal tissues were collected. Bacteriological examination was performed using Bactec 12B (Becton Dickinson, Sparks, MD) liquid medium and by following a procedure described previously (17) .
A vaccination trial was performed by inoculating separate groups of 5 to 7 mice subcutaneously with approximately 2 ϫ 10 6 CFU of three different M. paratuberculosis mutants in 0.2 ml PBS. Seven weeks later, the inoculated mice as well as a noninoculated control group were challenged by intraperitoneal injection with 2 ϫ 10 8 CFU of M. paratuberculosis K10. One set of groups was sacrificed at 6 weeks postchallenge, and the remainder at 12 weeks postchallenge. The numbers of M. paratuberculosis CFU from spleens and livers were determined by plate counts, as described above.
Statistical analysis. Statistical analysis of the results from the log-transformed bacterial counts, immunological assays, and vaccination study was conducted using Fisher's protected least-significant-difference analysis of 
RESULTS

Characterization of mutants.
WAg906 was previously identified as having a transposon inserted into a hypothetical protein gene with homology to M. tuberculosis Rv1645c (8) . With the sequencing of the M. paratuberculosis genome (28), this gene has been designated MAP1566 and is 190 bp upstream of modB, a gene involved in molybdate transport. The transposon insertion site in WAg913 was identified by cloning and sequencing the restriction fragment from the WAg913 genome that contained the kanamycin resistance gene by methods described previously (8) . The transposon had inserted into the hypothetical protein gene MAP0053c, which is 120 bp upstream of glnQ, a gene involved in glutamine transport. The ppiA gene, which is an iron-regulated peptidyl-prolyl cis-transisomerase was targeted to create the ppiA knockout strain WAg915. It was characterized by appropriate PCR and Southern blot hybridization, using methods similar to those described for Mycobacterium bovis (44) .
Survival of mutants in macrophages. Survival of the M. paratuberculosis mutants within macrophages was determined at days 0, 7, and 14 ( Fig. 1) . The wild-type strains 989 and K10 had similar survivals. Both strains had a decrease in bacterial load at day 7 compared to day 0, but the bacterial numbers were similar at 7 and 14 days (Fig. 1) . In contrast, a significant decrease in survival of over 1.5 logs from day 0 to day 14 was evident for WAg906 and WAg913. The K10-derived ppiA knockout strain (WAg915) showed a small but significant decrease of 0.7 log by day 14.
Apoptosis and IL-10 production. The levels of apoptosis varied between macrophages infected with different M. paratuberculosis strains. Infection with wild-type strains resulted in approximately 25% apoptosis, compared to 19% for both WAg906 and WAg913 (Fig. 2) . There was little variability between the levels of apoptosis in macrophages isolated from the two animals, except for WAg915, which showed apoptosis levels of 15% and 25% for the macrophages of the two animals tested.
There was no significant difference in the amounts of IL-10 produced from macrophages infected with the wild-type or mutant M. paratuberculosis strains, except for WAg915, which produced a significantly lower level (Fig. 3 ). There were also no significant differences in the levels of IL-10 gene expression from macrophages infected with the different M. paratuberculosis strains (data not shown).
Survival of mutants in animals.
The effect of the mutations on the virulence of M. paratuberculosis was assessed with mice and goats. In mice, the bacterial load was determined for the liver and spleen at 3, 6, and 12 weeks following infection (Fig.  4) , except in the case of WAg915 at 3 weeks, in which the plates were overgrown by contaminants. Each strain had bacterial loads in the spleen and liver at 12 weeks that were within 0.5 logs of each other, with the exception of WAg915, for which the number of bacteria in the spleen was 0.9 logs higher than that in the liver. While all three mutants had lower survival than their parent wild-type strains, the difference was most marked for WAg906 and was significant (P Ͻ 0.05) only for WAg906 and WAg915.
Three separate experiments were conducted with goats, and the results are shown in Table 2 . In the experiment in which only 6 tissues were sampled, these came from the ileocecal valve and its draining lymph node, the ileum approximately 50 cm from the ileocecal valve and its draining lymph node, and the jejunum and the draining lymph node. In the other two experiments, these tissues were also sampled as well as an 
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additional sample of jejunum and the draining lymph node, the spleen, and a bronchial lymph node. The number of tissues positive for M. paratuberculosis for each animal was determined, and a mean number of positive tissues per group was calculated ( Table 2 ). Both 989 and K10 wild-type strains had high percentages of tissues (92.5 to 100%) positive for M. paratuberculosis. In contrast, the percentage of infected tissues was much lower for the three mutants, and there were no positive tissues for the seven animals infected with WAg906. M. paratuberculosis was not isolated from the feces of any of the goats infected with mutant strains of M. paratuberculosis. In contrast, M. paratuberculosis was isolated from the feces of all goats inoculated with M. paratuberculosis K10 and 989. Mouse vaccination. No significant differences were observed with the number of organ CFU of the vaccine groups in the animals sacrificed 6 weeks postchallenge ( Table 3 ). The mean numbers of CFU of the spleens and livers were less than those of the unvaccinated animals for both WAg906 and WAg915 and were statistically significant for WAg915 for the livers at 12 weeks (P Ͻ 0.05) and almost significant for the spleens (P ϭ 0.052) ( Table 3) . No significant differences were observed with the organ weights of the animals sacrificed 6 weeks postchallenge, but in the animals sacrificed 12 weeks postchallenge, the mean spleen weights Ϯ standard deviation for the animals vaccinated with WAg906 (0.099 Ϯ 0.007 g) and WAg915 (0.103 Ϯ 0.013 g) were significantly less than those for the unvaccinated controls (0.120 Ϯ 0.014 g).
DISCUSSION
The availability of an improved vaccine against paratuberculosis would provide a cost-effective tool for the control of this disease. As a major step toward this goal, we have produced and screened mutant strains of M. paratuberculosis produced by transposon mutagenesis and allelic exchange and tested them for their survival and virulence in macrophages and animals. We decided to develop live attenuated candidate vaccines because it has been found that in the case of the related mycobacterial disease, tuberculosis, such candidates possess all the immunogenic proteins necessary to display stronger and longer immune stimulation without the virulent properties which cause disease (35, 26) . For this study, we produced several thousand transposon mutants and screened them to identify a small number of mutants that were likely avirulent. Transposon mutants were investigated because such mutants can be more easily produced than allelic exchange mutants and have previously been shown to have vaccine potential against disease caused by the related mycobacteria M. tuberculosis and M. bovis (14, 22) . Targeting specific genes thought to be responsible for the virulence of bacterial strains has also proven successful in the development of tuberculosis vaccine candidates (24, 31) . The ppiA gene was targeted because in previous unpublished work we discovered that such a mutation in M. bovis produced an avirulent strain with vaccine properties similar to those of the human tuberculosis vaccine Values are means Ϯ standard deviation (5 to 7 mice per group) for organ CFU (log 10 /ml) at 6 and 12 weeks following challenge with K10.
b Significantly different (P Ͻ 0.05) from noninoculated controls determined by least-significant-difference ANOVA.
Mycobacterium bovis BCG. This enzyme is considered important for protein folding and thought to participate in cell signaling, cell surface recognition, chaperoning, and heat shock responses (19) .
Macrophages have proven to be a rapid and efficient screening tool for M. paratuberculosis vaccine candidates (38) because they identify attenuated strains of Mycobacterium spp. by reduced strain survival (15, 36, 38) . The survival of the bacterium is dependent on the ability of the host macrophage to kill and the ability of the bacterium to overcome the killing mechanisms, including interfering with the intricate process of apoptosis. Evidence suggests that virulent mycobacteria are capable of inducing host cell apoptosis (1, 6) as well as antiapoptotic mechanisms, which are important for bacterial virulence (43, 53) . The ability of macrophages to kill intracellular M. paratuberculosis is strain dependent, with some M. paratuberculosis strains being able to interfere with macrophage mechanisms more successfully than others (18) . In this study, both the WAg906 and WAg913 mutants were severely attenuated within macrophages, and this decrease in survival correlated with a significant decrease in apoptosis compared to that for wild-type strains. The ppiA mutant, WAg915, survived better in macrophages than the other two mutants and caused a lower level of apoptosis than did its parent wild-type strain in the macrophages from only one of the two animals. This indicates that apoptosis correlates with the survival of M. paratuberculosis strains in this macrophage model and that in this model WAg906 and WAg913 are more attenuated than WAg915. However, repetition of this experiment using macrophages from more animals is required to better determine the levels of apoptosis induced, particularly in the case of WAg915.
Several of the techniques that pathogenic mycobacteria use to limit apoptosis have been associated with the overexpression of 49) . This anti-inflammatory cytokine suppresses TH1-type responses, necessary for the control of mycobacterial infections. M. paratuberculosis has been reported to induce early and persistent IL-10 expression that correlates with suppression of apoptosis (45) . As macrophages exhibit different immunological responses following infection with different mycobacterial strains (3, 47) , we investigated whether this increase in IL-10 could be used to distinguish M. paratuberculosis strains of different virulence levels. There were no significant differences in IL-10 gene expression levels of macrophages infected with the different M. paratuberculosis strains, and although there were minor differences detected in the production of IL-10, it did not generally correlate with the attenuation of M. paratuberculosis strains in the models.
While several animal models have been assessed and compared for the study of potential vaccine candidates for paratuberculosis (4, 27, 39, 40) , only one study has assessed the virulence in mice of selected transposon mutants of M. paratuberculosis (39) , and a vaccine study of M. paratuberculosis mutants has yet to be reported. In this study, we assessed attenuation of the mutants in mice using proposed guidelines (20) based on the methods of Shin et al. (39) . Intravenous inoculation of goats for the assessment of virulence of M. paratuberculosis mutants was used in order to simulate the parenteral administration of a live vaccine rather than reproduce natural infection with M. paratuberculosis. Results from both the mouse and goat models indicate that WAg906 is the most attenuated of the three mutants. However, different strains appeared more or less attenuated relative to each other, depending on which animal model was used, which has also been found for the M. tuberculosis complex (12) .
The attenuation of the transposon mutants was attributed to the insertion of the transposon into hypothetical proteins (MAP1566 and MAP0053c) in WAg906 and WAg913, respectively. The gene disrupted in WAg906, the most attenuated candidate from this study, encodes an uncharacterized protein and is positioned within a group of molybdate (mod) genes encoding transport proteins. It is unknown whether this gene is part of the mod operon, but one of the downstream genes within this operon, modD, encodes a secreted protein antigen with promising serodiagnostic applications (10) . The WAg913 hypothetical protein is upstream of glnQ, which is involved in glutamine transport and may be within the same operon. It is clear that both hypothetical proteins affect the in vivo survival of M. paratuberculosis, but further genetic and functional investigation of these mutants is required to clearly understand their role.
The preliminary study that examined the vaccine potential of two of the M. paratuberculosis mutants identified some protection at 12 weeks postchallenge induced by the ppiA mutant WAg915 based on the mean number of CFU of M. paratuberculosis present in the liver and spleen. No protection was induced in this study by the more attenuated strain WAg906, indicating the need for an effective live paratuberculosis vaccine to retain sufficient viability in vivo to produce a protective immune response. A similar situation has been observed with strains of the M. tuberculosis complex, in which strains that are too attenuated induce little vaccine protection (14) . It must be emphasized that the vaccine results reported are preliminary, and more confident conclusions about the vaccine potential of these mutants can be attained only by repeating the study with mice, by including one or more of the current or older paratuberculosis vaccines for comparison, and then by carrying out a vaccine study with ruminants. This is the first study directly comparing animal models and macrophages for the assessment of attenuation of mutant strains of M. paratuberculosis. With the exception of WAg906, which was attenuated in macrophages and both animal models of virulence, the mutants exhibited different levels of attenuation in the different models. At this stage, it is unclear what significance some of these differences will have on the effectiveness of the mutants as vaccine candidates, as there have been no previous investigations correlating degree of attenuation of M. paratuberculosis strains with vaccine potential. However, the finding that WAg906 did not provide any protection in a limited vaccine experiment in mice, whereas some protection was provided by the less attenuated strain WAg915, indicates that the degree of attenuation of a candidate vaccine is likely to be a critical factor in inducing protection.
Further study of the immunological responses of mutants may also help to indicate the most likely vaccine candidate. The macrophage model proved to be a rapid, inexpensive way of identifying attenuated strains that are at least moderately attenuated in the goat model. This suggests that macrophages could play an important role in screening potential M. paratuberculosis vaccine candidates, the best of which could then be investigated with an animal model. Alternative methods of selecting attenuated strains that might also prove useful include signature tag mutagenesis (13) or preselection of mutants from a transposon library using bioinformatic criteria, followed by virulence assessment with animals (39) . It was evident that while the mouse model for virulence correlated imperfectly with the goat model, it has the advantages of enabling much-shorter-term experiments to identify potential vaccine candidates. Overall, the results of this study indicate that while macrophages and mice can be used to narrow down the number of mutant strains to be tested for attenuation, ultimately the strains can be fully assessed only in a ruminant model.
